ABSTRACT PURPOSE: To compare the corneal collagen cross-linking (CXL) demarcation line depth between the central and peripheral cornea after cross-linking using anterior segment optical coherence tomography.
orneal collagen cross-linking (CXL) has emerged as a promising technique to slow or halt the progression of keratoconus [1] [2] [3] [4] [5] [6] [7] and postoperative LASIK ectasia. [7] [8] [9] Cross-linking leads to an increase in intra-fi brillar and inter-fibrillar covalent bonds by photosensitized oxidation resulting in biomechanical stabilization of the cornea. 10 Laboratories studies showed that the effective depth of CXL is confi ned to the anterior 300 μm of the cornea. 10 Recently, the transition zone between the cross-linked and untreated corneal stroma has been visualized using biomicroscopy, 11 confocal microscopy, 12 and anterior segment optical coherence tomography (OCT). 13, 14 The demarcation line detected by anterior segment OCT showed signifi cant correlation with the transition zone detected by in vivo confocal microscopy, 13, 14 and thus it represents an effective tool to monitor the effective depth of CXL.
The aim of this study was to compare the CXL demarcation line depth between the central and peripheral cornea after cross-linking using anterior segment OCT.
PATIENTS AND METHODS

POPULATION
In this retrospective study, all patients diagnosed as having progressive keratoconus or postoperative LASIK ectasia receiving CXL from March 2008 to November 2011 by a single surgeon (ACKC) at the Department of Ophthalmology, Hong Kong Sanatorium and Hospital were included. All patients had topographic evidence of keratoconus or corneal ectasia with progression. Progressive keratoconus or ectasia was defi ned as one or more of the following changes over a period of 24 months: an increase of 1.00 diopter (D) or more in the Reduced CXL Demarcation Line/Yam & Cheng steepest keratometry (K) measurement, an increase of 1.00 D or more in manifest cylinder, and an increase of 0.50 D or more in manifest refraction spherical equivalent. Patients with corneal pachymetry less than 300 μm, a history of chemical injury or delayed epithelial healing, and pregnancy or lactation during the course of the study were excluded from treatment with CXL.
The study received approval by the ethical committee of Hong Kong Sanatorium and Hospital and was conducted according to the tenets of the Declaration of Helsinki. All patients who underwent CXL signed an informed consent. If the patient was younger than 18 years, the parents or guardians were required to sign the informed consent.
Clinical data were collected and included patient demographics (age, race, and sex); history of prior LASIK surgery was also included. All patients underwent routine ophthalmological evaluation (uncorrected visual acuity and best spectacle-corrected visual acuity assessment [Snellen acuity], slit-lamp biomicroscopy, Goldmann applanation tonometry, and ocular fundus examination), and corneal topography (Pentacam; Oculus, Inc., Wetzlar, Germany). Steepest keratometry (K) values were obtained preoperatively and postoperatively.
CXL PROCEDURE
CXL was performed under aseptic conditions and topical anesthesia (1% proparacaine). Preoperatively, calibration was performed for an intended irradiance of 3 mW/cm 2 (5.4 J/cm 2 surface dose) with an ultraviolet A meter (LaserMate-Q; LASER 2000, Wessling, Germany) at a working distance of 5 cm. The central 7.0 to 9.0 mm of the corneal epithelium was removed by mechanical debridement using a blunt spatula. Photosensitizing solution (0.1% ribofl avin in 20% dextran solution) was then instilled every 2 minutes for 20 minutes before beginning ultraviolet A irradiation and every 5 minutes thereafter for 30 minutes during the ultraviolet A irradiation to maintain the optimal tissue concentration of ribofl avin. Ultrasonic pachymetry was performed after epithelial removal and before instillation of ribofl avin solution. If the corneal stroma was less than 400 μm, swelling of the cornea was induced by instilling pure water eye drops every 2 minutes for 30 minutes. Subsequently, ultrasound pachymetry was performed to confi rm that the stroma had swollen to 400 μm or thicker. All patients had minimal corneal stromal thickness greater than 400 μm before ultraviolet A irradiation. The central cornea was exposed to an ultraviolet A source emanating from a solid-state device (UV-X; IROC, Zurich, Switzerland),with a working wavelength of 370 nm at surface irradiance of 3.0 mW/cm 2 for 30 minutes (surface dose 5.4 J/cm 2 ). Immediately postoperatively, a soft bandage contact lens was placed until complete re-epithelialization. The patients were instructed to instill topical moxifl oxacin drops four times/day and topical fl uorometholone drops four times/day and to take oral analgesics as required. Follow-up examinations were performed daily until complete re-epithelialization. Subsequent examinations were performed at 1, 3, 6, and 12 months postoperatively and then annually.
VISANTE ANTERIOR SEGMENT OCT IMAGING
All patients had Visante anterior segment OCT (Carl Zeiss Meditec, Inc., Dublin, California) measurement 2 to 6 months after CXL. The CXL demarcation line depth was measured from the corneal epithelium to the detectable hyper-refl ective demarcation line between the anterior mid and deep stroma as shown on Visante OCT (Fig 1) . A single examiner (JCSY) measured the depth of the demarcation line and the corneal thickness at the corneal center and 2 and 4 mm nasally, temporally, superiorly, and inferiorly from the center.
STATISTICAL ANALYSIS
All statistical analyses were performed with SPSS for Windows (StatLab, version 16.0; SPSS Inc., Chicago, Illinois). The CXL demarcation line depths at the center and periphery were compared using the Friedman test. The ratio of CXL demarcation line depth to total corneal thickness at the center and periphery was also compared using the Friedman test. All continuous values are presented as means±standard deviation for normally distributed data and median with range for those that are not normally distributed. The level of statistical signifi cance was set at P<.05.
RESULTS
DEMOGRAPHIC RESULTS
Forty-three eyes of 30 patients met the inclusion criteria of the study. The visibility of the CXL demarcation line decreased with increasing time postoperatively. Five eyes (measurement done 5 and 6 months postoperatively) were excluded because of unclear demarcation line on OCT; hence 38 eyes of 26 patients were available for analysis. Demographic data and preoperative parameters are presented in Table 1 .
CXL DEMARCATION LINE DEPTH
The CXL demarcation line depths at different corneal regions are shown in Table 2 . The demarcation line was deepest in the central cornea and reduced 
CORNEAL THICKNESS
The corneal thicknesses at different corneal regions are also shown in Table 2 . The cornea was thinner at the central cornea and thickness increased toward the periphery (Friedman test, Pр.001).
PROPORTION OF CXL DEMARCATION LINE DEPTH OVER CORNEAL THICKNESS
Proportion of CXL demarcation line depth over corneal thickness is also shown in Table 2 . The penetration proportion was greatest at the central cornea and decreased toward the periphery (Friedman test, Pр.001). The median ratio of CXL demarcation line depth relative to the total corneal thickness at the central cornea was 63.1% (range: 44% to 80%). In subgroup analysis, the median ratios of CXL demarcation line depth relative to the total corneal thickness at the central cornea were 70.1% (range: 50% to 84%) and 66.2% (range: 44% to 80%) for the swelling and nonswelling groups, respectively (P=.334, Mann-Whitney U test). None of our patients developed postoperative corneal edema.
DISCUSSION
Our study demonstrated a signifi cantly reduced CXL demarcation line depth at the periphery compared with that at the central cornea. This may be explained by the light absorption properties and the ultraviolet light focusing system in CXL. According to Lambert-Beer's law:
Ri(Z) = A * C ribo * (1-z) * I o * e -70 x z /cm
(where Ri = amount of free radicals produced at a given depth; C ribo = ribofl avin concentration; I o = illuminance), a reduction in illuminance will reduce radical formation at a given depth and therefore will result in a shallower level of crosslinking. During the CXL procedure, ultraviolet light was focused at the center of the cornea. Ultraviolet light has a fi xed focal plane, so the illuminance at the peripheral cornea is reduced when compared with the central cornea because the light is not in focus at the periphery. Illuminance is dependent on the distance from the light source:
(where E = the illuminance at a point; I = intensity of light source; d = distance from light source). At the peripheral cornea, the distance from the light source Reduced CXL Demarcation Line/Yam & Cheng increases, and thus the illuminance is reduced. For example, if the distance from the light source (d) is increased by 10%, the illuminance will be reduced to 83%. Based on Lambert-Beer's law, the free radical formation will be reduced to the same extent, and thus will result in a shallower CXL depth. Second, the reduced CXL depth at the peripheral cornea may also be explained by reduced incident radiation on the peripheral cornea. 15 Because the angle of incidence of the beam with the cornea decreases toward the periphery, secondary to the corneal curvature, the energy of the beam is projected over a larger area of the cornea. Consequently, less treatment ensues per unit area and more peripheral cones may receive less of a CXL response. 16 In addition to less CXL penetration toward the periphery, the thicker peripheral cornea makes the proportion of CXL over the corneal thickness even less at the peripheral cornea compared to the central area.
Our study has several implications. The location of the keratoconic cone when employing the standardized CXL procedure with the current ultraviolet light focusing system may infl uence the effi cacy of CXL. Cross-linking may be more effective for the central cone than the paracentral cone in keratoconus because the amount of CXL would be reduced toward the periphery. Greenstein et al. demonstrated that more topographic fl attening occurs after CXL in both keratoconic and ectatic eyes with centrally located cones and the least fl attening effect occurs when the cone is located peripherally. 16 Further studies evaluating the effectiveness of CXL on different locations of the keratonic cone are needed to confi rm our hypothesis. Similarly, CXL may be less effective for other ectatic disorders with peripheral corneal thinning such as pellucid marginal degeneration, which was characterized by an inferior band of thinning 1 to 2 mm from the inferior limbus. 17 Moreover, our results implied a larger safety margin at the peripheral cornea because we demonstrated a lower ratio of CXL demarcation line depth relative to total corneal thickness in the peripheral cornea. The proportion of the CXL demarcation line was reduced from approximately 64% at the central cornea to approximately 54% at 2 mm from the center and approximately 34% at 4 mm from the center. The current criteria for treatment of keratoconus require a minimum corneal thickness of 400 μm to minimize the risk of damage to the endothelium. 18 These criteria may be less signifi cant if the thin- Reduced CXL Demarcation Line/Yam & Cheng nest corneal point is located at the periphery because of the reduced proportion of the CXL penetration. The inherent limitation of the focusing system and the effect of corneal curvature on the angle of incident light beam leads to the reduced CXL penetration in the peripheral cornea. Focusing toward the thinnest peripheral area may help to increase the CXL penetration at that area, but the other area may not have enough CXL. One possible solution is to increase the peripheral illuminance in the current fi xed focusing system. Developing a new focusing system with an even illuminance toward the central and peripheral cornea would be another way. Further work is needed to determine how the luminance pattern can be optimized relative to the cone location.
The limitations of our study include the small sample size and the retrospective nature of the study design. Furthermore, the assessment of demarcation line depth by OCT may not be accurate because of hyperrefl ectivity of the stroma after CXL due to corneal lamellae packing. The anterior segment OCT has an axial resolution of 18 μm, which also limits the precision of the measurement of the demarcation line. 19 Moreover, the demarcation line depth determined by OCT characterizes only the depth of CXL in the stroma. Other important parameters to indicate the effi cacy of CXL such as the intensity of the CXL effect could only be monitored by assessing collagen autofl uorescence. 20 
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